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ABSTRACT
The intense IR photon ourput of the Vanderbilt FEL is 1o be made to collide with its own high
energy electron beam to creare nearly monochromatic Compton Backscattered X-Rays. At
Vanderbilt, a sub-project of FEL generated X-Rays is under development parallel to the
construction and initial operation of the FEL main project. The electron beamline and IR photon
beamline designs are near completion, including design of electron beamline magnets and their

layous, design of IR optical beamline elemen:s and iheir layout, electron and IR opiical beam
diagrostics and alignment methods.
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DEVELOPMENT OF THE YANDERBILT
COMPTON X-RAY FACILITY

INTRODUCTION

When a photon collides with a free electron, its energy and direction change to conserve energy

and momentum. This is called the Compion Effect. When the electron is relativistic, th
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the wavelength of the scattered photon is given by the formula
hs=AL(147262)7442 (1)

where @ is the angle through which the elecuon is scatered. For an infrared phoion with 2 2 um
wavelengih scauersed in the backward direction (8 = 180" ) off a 43 MeV electron, the wavelength
of the scattered photon is 0.7 A, which corresponds 10 an X-ray with an energy of 17.6 keV, in the
X-ray part of the spectrum, Since intense, monochromatc light can convenicatly be generated by
lasers, and an intense monochromatic elecon beam can be generated by convendonal accelerators,
X-rays produced by Compton scaniering can be made quite morochromatic as compared with those
gencrated by conventional X-ray tubes, Such narrow-s
advantages for medical imaging. In particular, the low-energy photons from a conventional X-ray
tube are absorbed close (o the skin surface in the patent and contribute to the patient’s X ray dose,
but not to the X-ray image. High energy X-ravs, on the other hand, often pass throu

undergoing scattering which tends to fog the film, and degrade the X-ray image. It is the

intermeciate X-rays which expericace absorption in e body due io photoeiectic processes, and
form the X-ray image. For mammography, the useful X-rays are those with wavelengtks around

4 . . . . N . .
0.7 A and erergies around 18 keV. By using Xermws of this energy ancdits impron e d conrssg, &t
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esimated that the patient dose required 10 provide the image quality of 2 standard :5?':* mogamnian
be reduced by a factor of about 50.

In the Vanderbilt Compron X-ray facility, infrared photons at wavelengths around 2 pm are
produced by the Vanderbilt free-elecron laser, while electrons at energies around 43 MeV are
provided by the beam emerging from the free-clectron laser. These are collided in a small
interaction region, about 40 pm in diameier, to produce X ray photons of the desired waveiength
at the rate of about 1010 per second. The schtma.tic of this proiect is shown in Fig 1. These X-rays
can be used 10 explore the use of such photons in medical imaging of breast cancer, and eventually,

10 perform mammography in clinical tials.

INTERACTION GEOMETRY
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Since the expecied emittance of the elecuon bean
emittance may be ignored in optimizing the interaction geometry. Only the electron pulse length
need be considered, so we optimize by senting the Rayleigh range = 1/2 the electron pulse length (
= 172 of the optical wavelength ).

The design electron energy of the Vanderbilt FEL is 43 MeV and the infrared optical wavelength

is about 2 um. Under these conditions, the X-ray wavefength is 0.7 A. For an average laser power

of 6 W und an average elecmon beamourrent of 200 mA _ the antimized X rav nhnmn onmpricd
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x 1012 per second per steradian; the electron beam and the infrared beam are both focused to the
same size, 12 pm in radius. Both beams in the interaction zone are shown in Fig.2, For
experimental convenience , the beams will be focused to a larger spot, about 20 pum in radius. The

number of output photons is then 2.7 X 1012 per second per steradian.

ELECTRON BEAMLINE DESIGN

Since Compion X-rays are generated along the direction of the the electron beamline, and the X-

ray laboratory is one floor above the FEL vault, we must ¢ither bend the electon beam from it

- s~ ¥ wEAEE b h AMRMEEE Adisakd &tk

original horizontal direction, into the direction of the laboratery , or generate X-rays along the
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original electron direction, and bend the X-rays up to the labaratory. This option, opened up by
recent technological developments in X-ray “fiber optics™, is djscﬁsscd later.

- The electron beamline design shown in Fig 3 is used to deflect the electon beam up ioward ine
laboraiory, so that the X-rays are produced in that direction. After passing through the interaction -
region, the clectrons are directed back to the original beamline and transported to the beam dump.

The beamline design is complicated by the finite emittance and ener
beam. A further complication of a practical nature is introduced by the fact that the electron
beamline lies in a plane tilted about 47° from the horizontal piane. Because the elecron beam has an
energy spread of the order of a few percent afier emerging from the wiggler, the beam man

.. Ve y M

system used to focus the beam into the interaction region must be achromatic. Our design is to

make four identical bends, each consisis of iwa 20° single bends with a quadrupoie in between the
two dipoles, together they make an "achromatic bend”. Other quadrupoles are needed for focusing
and beam-conol purposes. A total of eight 20° dipole berding magnets and fifteen quadrupoles

are needed for this design. First and second order TRANSPORT and POISSON caiculaiions were

used in the design.

the emintance affects the monochromatic qualizy in the following way, within the interaction cone of

each electron, the waveiength increases with the angle from the eleciron direction according to the
formsula (valid for y»1)

A=lg{1+1262), (2)

where @ is the angle between the direction of the radiation and the electron motion, &g is the
photon wavelength in the forward dircction. Thus, if ifie elecirons are not moving paraliel 1o each

other, the X-radiation in a given direction wili con:ain a spread of wavelengths. A further s

nread in
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the X-ray wavelength is caused by the energy spread of the beam. To minimize this effect, it is




imporiant that the electron beamline not expand the emittance by converting the elecron energy

spread into emittance growth.

AN ALTERATIVE ELECTRON BEAMLINE DESIGN
Recently, a new kind of X-ray optcs, X-ray “capillary”, or X-ray "fiber optics” is under
consideration {1]. It uses multiple tiny hollow glass tubes. X-rays undergo myriad glancing
incidence otal exizrnal reflections inside the mebes with only limited loss. With these capillaries we
will be able to firs: collimate, thea bead the X-rays up o the X-ray laboratory. The schematic of
:his design is shown in Fig.4.
With capiliary technology, we can avoid having to build a complicated electron beamiine with

many ngﬁczs in order 10 btﬁé tha alartrane Thie annrasrh il simndify th» wihnle slantran

z elecrons. This approach will simplily the wacle eiecain
beamiine design and enable us to use fewer magnets. Another advantage of this design will be to
avoid sending the electrons in the direction of the X-ray Iabomtbry where people will be working,
thus reducing the potential radiation hazard. The disadvantage of this design is that the cer;izia_

L3

technology has not yet been actually used as a scientific research 1o0l, making success unce
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The cost of a capiliary tube bundie device and a few magZnels is esUMaled 16 D€ €58 Wan Wid I5iai

cost of the magnets needed in the first design .

OPTICAL BEAMLINE DESIGNS
The purpose of the infrared beamline is to transport the FEL infrared optical beam to the
interaction region and focus it a2 the “interaction zone” 0 a diameter of about 40 pm. When the
electron and laser beams ure not exactly collinzar, the wavelength shifts siightly according to the

formula

A=Ac/cos2 P ©)
where 0 is the angle betwesn the axes 0F the ele2tren and laser beams, Ac the wavelength :n the

collinear case. The angular factor for the procuced X-ray bearn intensity of ihe Crossing bearms is

F




also cos2 0. This is a smal! effect for small angles, and it is therefore possible to use g
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which the beamns cross at a small angle. However, if the angle becomes much larger than the
convergence angie of the laser beam, the eiectrons have iess ume 10 interact with the laser beam and

this reduces the X-ray intersity. Therefore, at the region heyond the interaction zon

Y] s wll\.-. Su 4
beams have t0 overlap geometrically. However, passing the electron beam through any optcs
wransporting the infrared beam is not possible without Camaging the oprcs. Also, the X-ray beam

has t0 be transported through this sys:em to go into the laboratory upstairs. These condition

et b

complicate the infrared beamline design. Four approaches for solving these problems are under

consideraton:

1) The fisst approach is 1o transport the infrared beam collinearly with the electron beam. This is
shown in Fig.5, corresponding 0 the 8 = U case. The musror that reflects the infrared beam has a

hole at the center, which is also the center of the beamline, lasze encu
and wne accompanying X-rays pass through. The advantage of this method is that it is simpie and
inexpensive. The disadvantage is 1055 and distorton of the infrared beam due to the hole in the

middle. This causes a loss of the most intense portion of a Gaussian infrared beam. The total 1053

v ldl W
due o the hole alone is estimated to be 1% of the beam intensity, if we use a 10 mm radius mirror
with a 1 mm radius hole placed at 30 om {from the inieraciion zone. Also, there wili be some
electrons on the edge of the beam “scraping” the mirror near the hole, which will cause damags 1©
the mirror.

Ore solution to the intensity loss is o place the hole off center in a région of jower intensity.

However, this will make the two beams non-collinear, as shown in Fig.5, for the 8 # 0 case, and

reduce the interaction between the beams. The estimated loss due to the angular factor and the
intensity loss is 0.7% of the beam intensity, assuming the hele is mounted 1 the 1/e intensity point
of the the infrared beamn 30 ¢m away from the interaction zone.

2j The second a;;‘rcach is an alrermative 1o the first method, rspmcmg the standard mirror for

ransporting the infrared beam with a beryliinm mimmor. This mirror can be

svbdani L

dowasiream afier the electron beam is directed away. This is ( an alternative way for the firse
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method too ) shown in Fig.6. The difference is that this Beryllium mirror 18 almost transparent to
the X-rays and can be coated to reflect infrared photons. Therefore, the use of a Beryllium mirror
does not introduce the distortion to the beam becavse this avoids the need for placing any hole on
the mirror.

3) The third approach is to make the infrared beam and the electron beam cross initially with a
small angle. This is shown in Fig.7. The reduced X ray output due to the angular factor is
estimated to be 0.1%. This is the simplest, mos: effective and least expensive design of all. It
avoids the serious electron damage problem of the first approach.

4) The fourth agpreé.ch is shown in Fig.8. An axicon pair is used to reshape the infrared beam

to a hollow one [2]. The hole necessary for the electrons and X ray photons 10 pass through car

-3

be adjusted to the desired size and placed where the beam itself is hollow. The disadvantage of this

* .

approach is the cos: and complexity of the axicon pair.

ELECTRON BEAM DIAGNOSTICS AT FOCUS
To optimize the Compton X ray outpu, the slecoron beam and the infrared optical beam must
be aligned collinearly and focused at a common point of about 20 um radius. Aligning the system
and diagnostics for both beams are necessary. The difficulties for the diagnostics are:

First, at the focus, our electron beam has the luminosity of 4.5 x 107 W/m2, This is mo

o
z‘
E

enough to melt any screen material in a single macropulse.

Second, both beams have a pulsed structuze. Thus not oniy must both beams be aligned and
focused spatially, but also the picosecond micropulses of both beams must meet simultareously ar
the focus.

Of these, the first problem is the most difficult one 10 deal with. The most Siraighiforward and
mosi reliable method for diagnosing an eleciron beam with a beam size as small as tens of
micrometers is to have a screen at the focusing point. To avoid melting diagnostic screens, when
diagnosing, we must reduce the elecron beam intensity, Beam: intensity can be reduced by one of

the several ways:




1) The first method is to place a slab with the proper thickness and matenial, an "attenuator” in
the eleczon beam, at the upstream end of the interaction region so that the multiple scatering
processes reduce the number of clectrons as shown in Fig.9. Electrons coming out of this

wavator with the "wrong” energy and cmittace can be filiered out with a pair of “emittance filters®
in each plane and an "encrgy filter”, The latter already exists for the FEL itself, The former can be
irserted into the beamline without too much difficulty. Computer simulation with the program
EGS4 assures us of the effectiveness of the method and the requirements for the attenuator
materind,

An alchnau’vc method is to place holes in the slab, to form a “pepper pot”. The holes allow the
desired portion of electrons to go through the attenuator without being disturbed. The emittance
filters and the energy filter again filter out the “wrong” elecons scatiered by the slab. This is also
shown in Fig 9.

2) The second method is to scan the elecon beam on the diagnostic screen 22 the focus with an
RF cavity in the horizontal or vertical plane. Instead of haviag an "image spot" of the electron
beam, we get two crossed lines. The widih of the horizontal line represents the eiectron beam size
vertically. The width of the vertical line represents the beam size horizontally, as shown in Fig.1

&4
The method is more expensive than the attenuator, even though we can make use of the existing

RF sourece.

3) The third method can be called the “non-interactive” method. It works under the same
principle that the Compton X-ray production works. The RF from the same source as the FEL,
which has a frequency of 2856 Mtiz, i» guided into the interaction zone where it collides with the
elecron beam. A light beam of about 3.7 pum in wavelength will be generated as a "probe beam”,
as shown in Fig.11. The probe beam goes tisough the same optical elements as the infrared beam

cocs so that the alignmert of the both beams can be done simultaneously with the same s

CONCLUSION
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; | At Vanderbilt, tunable, near menochromatic Compion X-rays will be gencrated using i‘ne FEL
i:esiéaai electrons and the FEL output infrared optical beam. The project is near its construction
stage. A few of the possible designs for different parts of beamlines are reported here, including
the electron-beam design, the infrared optical-beam design, elecuon beam diagnostics and a

possible X-ray opdcal design using capillary “fiber optcs”.
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